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1) Réactions anabolique (gr. aná - vers le haut): Les réactions anabolique sont synthétiques ; ils construisent des 
substances plus complexes à partir de substances plus simples. Ils nécessitent de l'énergie qui est consommée au 
cours de la réaction - c'est pourquoi ils appartiennent au groupe des réactions endergoniques. 


* Les réactions anaboliques dans le corps humain sont représentées par la gluconéogenèse, la synthèse de 
glycogéne, les acides gras, les TAG (appelés lipogenèse), les acides aminés, les protéines, les corps 
cétoniques, l'urée ou d'autres substances. 


2) Réactions cataboliques (gr. kata — vers le bas): Les réactions cataboliques impliquent le clivage, la dégradation 
ou la décomposition de substances complexes en substances plus simples. L'énergie est libérée au cours de ce 
processus et peut étre utilisée pour former des molécules macroergiques. 


* Parmi les réactions cataboliques les plus importantes qui se produisent dans notre corps figurent la glycolyse, 
la glycogénolyse, la lipolyse, la béta-oxydation, la dégradation des corps cétoniques, des protéines ou des 
acides aminés. 


3) Réactions amphiboliques: Certaines voies métaboliques ont un caractére à la fois de réactions anaboliques et 
cataboliques et sont appelées amphiboliques (gr. amfi- les deux). Un bon exemple est le cycle de l'acide citrique 
[KREBS], qui compléte l'oxydation d'un squelette carboné de tous les nutriments (voie catabolique), mais ses 
intermédiaires servent de substrats pour les voies anaboliques (l'alpha-cétoglutarate est converti en glutamate ; le 
succinyl-CoA en hem ou citrate est utilisé dans la synthése des acides gras). 


4) Réactions anaplérotiques : Un groupe de réactions qui servent à compléter les produits intermédiaires vers 
d'autres voies métaboliques est appelé réactions anaplérotiques (gr. aná — vers le haut et plerotikos — remplir). 
Ces réactions, par exemple, complétent le cycle de l'acide citrique, principalement avec de l'oxalacétate (utilisant 
du glucose, du lactate ou des acides aminés glucogéniques) et de l'alpha-cétoglutarate (issu du glutamate). 
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Au niveau de l'organisation cellulaire, les principaux processus chimiques de toute la matiere vivante sont 
similaires, 

L'anabolisme est centré sur la croissance et la construction - l'organisation des molécules. Dans ce processus, 
de petites molécules simples sont transformées en molécules plus grandes et plus complexes. Un exemple 
d'anabolisme est la gluconéogenése. C'est à ce moment que le foie et les reins produisent du glucose à partir 
de sources non glucidiques. 

DANS LE CORPS HUMAIN : 

L'anabolisme implique les hormones: oestrogene/ insuline/ hormone de croissance/ testosterone 

Le catabolisme implique les hormones :adrenaline/ cortisol/ cytokines/ glucagon 

Toute perturbation de vos hormones, comme les conditions thyroidiennes, peut affecter ces processus et 
métabolisme global. 
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Énergie potentielle et cinétique 


* énergie cinétique : Lorsqu'un objet est en mouvement, il y a de l'énergie associée à cet 
objet. Pensez à une balle qui accélére, une personne qui marche et le mouvement 
rapide des molécules dans l'air (qui produit de la chaleur). 


* énergie potentielle : si cette méme boule de démolition immobile était soulevée à 3 
étages au-dessus du sol? L'énergie nécessaire pour soulever la boule de démolition n'a 
pas disparu, mais est maintenant stockée dans la boule de démolition en raison de sa 
position et de la force de gravité agissant sur elle. Ce type d'énergie est appelé énergie 
potentielle. 


* l'énergie peut étre libérée par la rupture de certaines liaisons chimiques parce que ces 
liaisons ont une énergie potentielle.il y a de l'énergie potentielle stockée dans les 
liaisons de toutes les molécules alimentaires que nous mangeons, qui est finalement 
exploitée pour étre utilisée. En effet, ces liaisons peuvent libérer de l'énergie 
lorsqu'elles sont rompues. Le type d'énergie potentielle qui existe dans les liaisons 
chimiques et qui est libérée lorsque ces liaisons sont rompues est appelé énergie 
chimique. L'énergie chimique est chargée de fournir aux cellules vivantes l'énergie 
provenant des aliments. La libération d'énergie se produit lorsque les liaisons 
moléculaires au sein des molécules alimentaires sont rompues. 
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Les principaux intermédiaires du métabolisme énergétique 


* Le métabolisme cellulaire a certaines voies métaboliques communes qui agissent comme une intersection dans la conversion des nutriments. 
Les plus importantes sont la réaction de la pyruvate déshydrogénase (PDH), le cycle de Krebs (KC) et la chaîne respiratoire (RC). 


e 1) Acétyl-CoA: /La synthèse: /a) réaction irréversible de pyruvate déshydrogénase (PDH) - l'irréversibilité de cette réaction est la raison pour 
laquelle les acides gras, dans la plupart des cas, ne peuvent pas étre convertis en glucose) 


e b.Dégradation des acides aminés - seules la lysine et la leucine se dégradent directement en acétyl-CoA, les autres acides aminés y sont 


convertis par le pyruvate c) Béta-oxydation des acides gras et dégradation des corps cétoniques سه‎ CoA 
| Synthetase 
لا‎ Utilisation:/a) Cycle de Krebs et chaîne respiratoire suivante (synthèse d'ATP) = 
cetate AMP 
* b) Synthese des acides gras et des corps cétoniques (lorsque l'acétyl-CoA est en excès) NAA ks 8ه‎ 8 
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* c) Synthèse du cholestérol 
x pa A . > ې و‎ 
+ 2) Pyruvate/ /La synthése:=a) Glycolyse aérobie Pyruvate NADH +H® «CO, 
* b) Oxydation du lactate (catalysée par la lactate déshydrogénase/LDH) — 
n E P A mak Pyruvate 
* c) Dégradation de certains acides aminés dehydrogenase 
O Utilisation:= a) Synthèse d'acétyl-CoA (PDH/ pyruvate déshydrogénase ) / /b) Synthèse de lactate PAR lactate déshydrogénase/LDH) 
O - lactate se produit pendant la glycolyse anaérobie pour régénérer les coenzymes NADH +H + en NAD + //c) Synthèse d'alanine 
(catalysée par l'alanine aminotransférase) (ALT)/// d) Synthèse d'oxaloacétate (catalysée par la pyruvate carboxylase/PC) 
* e) Néoglucogenèse 
. 3) NADH/NAD#/ La synthèse:a) Glycolyse aérobie /// b) Réaction pyruvate déshydrogénase/PDH /// c) Béta-oxydation des acides gras /// 


d) Cycle de Krebs /// e) Oxydation de l'éthanol par alcool déshydrogénase (ADH) & acétaldéhyde déshydrogénase (ALDH)  /// Utilisation: a) 
Chaine respiratoire et synthèse dATP /// b) Conversion du pyruvate en lactate/par LDH 
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La metabolisation de l’alcool par le corps humain se fait à peu près complètement par le foie qui est 
appelé à filtrer le sang et à transformer l’alcool en produit inerte à la fin de ce processus. 

Comme nous l'avons vu précédemment, 10% de l'alcool est évacué par les voies naturelles (reins — 
glandes sudoripares — poumons) sans métabolisation... 

La majorité (90%) de l'alcool demeure donc dans le sang jusqu'à ce que le foie le métabolise. 
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MEOS - Microsomal Ethanol Oxidizing System 
During periods of heavy drinking, the Microsomal Ethanol Oxidizing System (MEOS) 
will metabolize most of the excess ethanol ingested. Heavy drinking stimulates the 
human body to include the MEOS system enzymes to clear ethanol faster from the 
body. The MEOS system is also located in the liver [hepatocyte Microsome]. 


La métabolisation de l'alcool 
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* L'alcool est facilement distribué dans tout le corps dans la circulation sanguine et traverse les membranes 
biologiques, qui affectent pratiquement tous les processus biologiques à l'intérieur de la cellule. 


* La consommation excessive d'alcool induit de nombreuses réponses pathologiques au stress, dont une 
partie est la réponse au stress du réticulum endoplasmique (RE). Le stress du RE, une condition dans 
laquelle les protéines dépliées/mal repliées s'accumulent dans le RE, contribue aux troubles alcooliques des 
principaux organes tels que le foie, le pancréas, le cœur et le cerveau. 


* Les mécanismes potentiels qui déclenchent la réponse au stress alcoolique du RE sont directement ou 
indirectement liés au métabolisme de l'alcool, qui comprend l'acétaldéhyde et l'homocystéine toxiques, le 
stress oxydatif, les perturbations de l'homéostasie du calcium ou du fer, les altérations du rapport S- 
adénosylméthionine sur S-adénosylhomocystéine et les modifications épigénétiques anormales. . 
L'interruption des déclencheurs de stress ER devrait avoir des avantages thérapeutiques pour les troubles 


alcooliques. 


CYP2E1 (Cytochrome P450 Family 2 Subfamily E Member 1) is a Protein 
Coding gene. Diseases associated with CYP2E1 include Alcoholic Liver 
Cirrhosis and Alcohol Use Disorder . 

CYP2E1 is an enzyme that particularly participates in the metabolism of 
endogenous substrates, including acetone and fatty acids (abundant in 
the brain) and exogenous compounds such as anesthetics, ethanol, 
nicotine, acetaminophen, acetone, aspartame, chloroform, 
chlorzoxazone, tetrachloride 

CYP2E1 metabolizes ethanol leading to production of reactive oxygen 
species (ROS) and acetaldehyde, which are known to cause not only 
liver damage but also toxicity to other organs 
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MEOS - Microsomal Ethanol Oxidizing System 
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La métabolisation de l’alcool 


* L'enzyme alcool déshydrogénase (ADH) transforme d'abord l'alcool en acétaldéhyde :Ce premier stade de transformation en 
acétaldéhyde est trés dommageable pour le corps humain puisque c'est une substance trés toxique qui a des effets sur l'ensemble de 
l'organisme:L'acétaldéhyde est notamment ce qui cause la «hangover/ gueule de bois »;/C'est aussi l'acétaldéhyde qui détériore le plus 
les différents organes qui sont touches par son passage; et/ll est d'ailleurs classé dans les agents cancérogènes. 


* Un second enzyme, l'enzyme acétaldéhyde déshydrogénase (ALDH) transforme ensuite l'acétaldéhyde en une molécule inactive et 
inoffensive, l'acétate ou acide acétique :L'acétaldéhyde déshydrogénase est donc un « ami » mais il a un défaut, il a une capacité limitée 
à transformer l'acétaldéhyde en acétate. [Disu/firame =ALDH blocker medication for alcoholic people), c'est ici qu'il intervient en 
bloquant la production de l'enzyme acétaldéhyde déshydrogénase, faisant en sorte que l'acétaldéhyde reste entiérement présent dans 
le corps et qu'il rend le consommateur rapidement malade (vomissements). 


* troisiéme stade se développe uniquement chez les gros buveurs et les alcooliques. 


* Devant une consommation importante et prolongée dans le temps, le foie développe une mesure supplémentaire afin de tenter de 
protéger du mieux qu'il peut le corps humain de l'intoxication.C'est le Systéme microsomial d'oxydation de l'éthanol (MEOS, acronyme 
anglais) et il permet une métabolisation supplémentaire d'une portion pouvant atteindre 2596 de l'alcool à filtrer.Les recherches les 
plus récentes tendent à démontrer que d'autres enzymes seraient aussi mises à contribution par le foie dans les cas de consommation 
importante et prolongée. 


* Impacts du développement du MEOS: Permet le métabolisme plus rapide de l'éthanol; / Réduit la durée de l'ivresse à consommation 
égale; /De ce fait, augmente l'endurance et favorise l'accoutumance; et //Donne l'impression dans l'immédiat que la consommation 
abusive est moins dommageable. MAIS, son effet le plus dommageable est qu'il augmente la quantité d'acétaldéhyde dans le corps 
sans donner au foie davantage de capacité pour transformer cette substance dangereuse à la méme vitesse qu'il la produit.. En bref, 
comme cela est souvent le cas, le corps humain choisi de traiter d'abord le danger le plus important dans l'immédiat. Par contre, 
l'impact à long terme est beaucoup plus important,. 
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The peroxisomal catalase, a tetrameric, heme- 
containing enzyme, converts hydrogen peroxide 
(H202) to oxygen and water. Catalase can also 
oxidize ethanol to acetaldehyde as the end product 
in an H202-dependent fashion, though this is not a 
key pathway for ethanol elimination 
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e l'alanine aminotransferase ALT 


high levels of ALT may be a sign of liver damage from 
hepatitis, infection, cirrhosis, liver cancer, or other liver 
diseases. The damage may also be from a lack of blood 
flow to the liver or certain medicines or poisons. 
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methodes de generation d’ATP * 2- Phosphorylation oxydative (le transport des électrons): 


La synthése de l'ATP * le processus permettant la synthèse d' ATP à partir de 
* l'énergie libérée lors du transport des électrons du NADH à 
oxygene. 
* 1- Phosphorylation au niveau de substrat e La chaîne de transport d'électrons commence lorsque les 
[glycolyse et cycle de Krebs] : porteurs d'électrons créés dans le cycle de Krebs sont séparés 
QADP > ATP des atomes d'hydrogène et des électrons qu'ils transportent. 


Ces électrons circulent ensuite à travers une série de protéines 
membranaires intégrales sur la membrane mitochondriale 
interne. Ces protéines utilisent l'énergie des électrons qui 
passent pour pomper des ions hydrogène dans l'espace 
intermembranaire. Ces ions hydrogène se concentrent dans 


QLa phosphorylation désigne le transfert du 
groupe phosphate d'un composé à un autre. 
Généralement, le terme «phosphorylation» 
est utilisé pour décrire la formation de l'ATP. 


QLa phosphorylation au niveau du substrat est l'espace intermembranaire et l'ATP synthase peut utiliser ce 
une phosphorylation directe de l'ADP avec un gradient d'ions hydrogene pour ajouter des groupes phosphate 
groupe phosphate en utilisant l'énergie aux molécules d'ADP afin de créer de l'ATP. L'ajout de ces 
obtenue d'une réaction couplée. groupes phosphate aux molécules d'ADP est connu sous le nom 


de "phosphorylation". L'ensemble du processus effectué par la 
chaine de transport d'électrons dans les mitochondries est 
2 Gycéraldéh yde phosphate 2 Pyuvate appelé Pentre orc car l'oxygène est le 
dernier accepteur d'électrons en bout de chaîne. 
: . 3 cation de ATP lors de la 
photosynthèse [dans la membrane thylakoïde des 
chloroplastes]. 


4 ADP+2Pi 4 ATP 
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1. une chaîne de transport d'électrons associée à une membrane 
2. création d'un gradient de protons 
3. récolter l'énergie du gradient de protons en fabriquant de l'ATP à l'aide d'une ATP synthase. 


1. la source des électrons — H20 pour la photosynthèse versus NADH/FADH2 pour la phosphorylation 
oxydative 


2. direction du pompage des protons - dans l'espace thylakoïde des chloroplastes par rapport à l'extérieur 
de la matrice de la mitochondrie 


3. mouvement des protons lors de la synthèse d'ATP - hors de l'espace thylakoïde dans la photosynthèse 
par rapport à la matrice mitochondriale dans la phosphorylation oxydative 


4. nature de l'accepteur d'électrons terminal - NADP+ dans la photosynthese versus O2 dans la 
phosphorylation oxydative. 


le mouvement des électrons dans les chloroplastes lors de la photosynthèse est opposé à celui du transport des 
électrons dans les mitochondries. Dans la photosynthèse, l'eau est la source des électrons et leur destination 
finale est le NADP+ pour fabriquer le NADPH. Dans les mitochondries, NADH/FADH2 sont des sources d'électrons 
et H20 est leur destination finale. 


15 


spontaneous 


Energy is added 


Energy is released 


5 
© 
ü 
E 
[ni 
E 
m 
o 


Gibbs Free Energy 


High Gibbs free energy 


Proteins, cells 


Low Gibbs free energy 


M The suthesis of glucose and other sugars in plants, the production of ATP from ADP, and the elaboration of proteins and other 
biological molecules are all processes in which the Gibbs free energy of the system must increase. Thev occur only through coupling to 
other processes in which the Gibbs free energy decreases by an even larger amount. There is a local decrease in entropy at the expense 
of higher entropy of the Universe. 
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Les organismes traitent les aliments qu'ils mangent en trois étapes 


L 


La première étape consiste à réduire les molécules complexes en molécules simples ; cela comprend 

la décomposition des protéines complexes en Slicopepides et acides aminés libres pour faciliter 

l'absorption, la décomposition des sucres complexes en disaccharides ou monosaccharides et la 

décomposition des lipides en glycérol et en acides gras libres. 

e Ces processus s'appellent la digestion et ne font qu'environ 0,1% de la production d'énergie, qui ne 
peut pas être utilisée par la cellule. 


Dans la deuxième phase, toutes ces petites molécules subissent une oxydation incomplète. 
L'oxydation signifie l'élimination d'électrons ou d'atomes d'hydrogène. LE produit final de ces 

rocessus est l'eau et le dioxyde de carbone, et trois substances principales: l'acétyl coenzyme A 
l'oxaloacétate et l'alpha-oxoglutarate. Parmi ceux-ci, le composé le plus courant est l'acétyl 
coenzyme A. 


La troisiéme et derniére phase de ce processus se produit sur un cycle appelé cycle de Krebs, 
découvert par Sir Hans Krebs. Dans ce cycle, l'acétyl coenzyme A et l'oxaloacétate se réunissent et 
forment du citrate. Dans ces réactions par étapes, se produit une libération de protons, qui sont 
transférés à la chaine respiratoire pour synthétiser l'ATP. 


L'énergie métabolique est transportée par des groupes phosphate à haute énergie tels que l'ATP, le GTP et la 
créatine phosphate; ou par des porteurs d'électrons comme NADH, FADH et NADPH. 
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Amino Acid Metabolism in the Liver 
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Muscle, Brain, 
Amino Acid Metabolism During Periods of Fasting Kidney RBCs 


CO; + HO Lactate 
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* Tissular protein breakdown is increased during periods of fasting/starvation 


Schematic diagram ofthe metabolism 
of amino acids, including the 3 major 
pathways: reutilization in the synthesis 
of new proteins, union with cofactors 
to produce amino acid derivatives, and 
catabolism. Catabolism of amino acids 
includes the removal of functional 
groups and the breakdown of the 
carbon skeletons. 
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Glucose-6-phosphate 


Hexokinase/glucokinase 


= 


Glucose-1-phosphate 


Phosphoglucomutase 


1 


Uridyl transferase 


Glycogen) 


UDP-glucose 


== 


| 


Branching enzyme 


Glycogen synthase 


Glycogen n+) 


31 


2023-08-11 


UL eee Giyeceogenm 
Glucose 
pnosphates ج‎ à 3cO0=2 
Pentosephosphate 


pathway 
= PEE نو پمک‎ 
> 
Trio=se Ribose — RENA 
phosphate DNA 


Phosphates 


A-yigiycerolis 
(Fat) 


بل سب "a‏ 


Acetyl-CoA —————— Fatty 
acids 


unc Cholesterol 


Overview of carbohydrate metabolism showing the 
major pathways and end products 


32 


Triacylglycerol Steroids 
| o (fat) 
AS 
d =. 
o m 
= = 
= S 2 
> E = 
ta Y > 
o 
Diet — 35, Fatty acids S 
a > 
o” Ss 
= = 
= so 
> o 
c» = 
o 
e o Cholesterol 
a.” 2 
Carbohydrate 


Acetyl-CoA 
Amino acids 


Cholesterologenesis 


| Ketegenesis 1 


Ketone 
bodies 


Lipid Metabolism 
2005 


2023-08-11 


33 


gluconeogenesis no re 
Glucose 


ATP Glucose 
Pyruvate ; 

Ureogenesis 

NH, 
Urea —> Kidneys Glucgse NAD + ATP 
Alanine X 
Glycolysis NADH 
BK. ycoly o, 
Alanine Pyruvate 2 
Ss a HA aa 
NH5 


2023-08-11 


34 


Fats 


Glycogen / 
S Fatty acids 
Glucose 
K~ Ketone bodie 


Glucose 


Lactate 


Glycogen 


2023-08-11 


35 


2023-08-11 


Fatty acids | Triglycerides | 


labpedia.net 


36 


2023-08-11 


labpedia.net 


37 


2023-08-11 


MA MNA A es min. که د ما د‎ DUM 
Glucose metabolism and liver 1 


38 


2023-08-11 


labpedia.net 


40 


2023-08-11 


| Insulin formation 


Fa ja A-chain (21uu) 


dj insulin 


C-peptide 
(3511) B-chain (30111) 


R 


Measuring C-peptide is an 
accurate way to find out how 
much insulin your body is making. 
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Insulin functions 
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Insulin: 

12 reduces the production of gluconeogenic 
precursors such as glycerol, alanine and 
lactate, 

2=Reduces activity of hepatic gluconeogenic 
enzymes and 

3= increases hepatic glycogenolysis to glucose. 
These effects contribute to | 

4=reduced hepatic glucose output. 

5 = Insulin increases cellular glucose uptake 
mediated by insulin-sensitive glucose transporters 
(GLUT4) and 

6= Insulin reduces competition for glucose 
oxidation by alternative fuels ('Randle effect’). The 
reduction of competing fuels involves 

7= inhibition of Non-esterified fatty acids (NEFA, or 
free fatty acids) release from adipose tissue and 
8= reduced hepatic ketogenesis. 

9-Insulin promotes glucose storage as glycogen. 


Liver 


Gluconeogenic 
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The principal 
antihyperglycaemic 
actions of insulin. 
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MAINTENANCE OF NORMAL GLUCOSE HOMEOSTASIS 
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Mechanisms 


Liver 
Inhibition of hepatic glucose output 


Stimulation of hepatic glycogen storage 

Stimulation of hepatic glycolysis for intermediary 
metabolism 

Stimulation of hepatic lipogenesis 

Stimulation of hepatic glucose oxidation 


Skeletal muscle 

Stimulation of glucose transport 
Stimulation of muscle glycogen synthesis 
Stimulation of muscle glycolysis 


Adipose tissue 

Inhibition of lipolysis (stored lipid) 
Promotion of re-esterification 
Stimulation of lipolysis (circulating lipid) 
Increased glucose uptake 


Central nervous system 
Satiety 

Changes in sympathetic tone 
Postprandial thermogenesis 


Other 

Promotes DNA synthesis 
Promotes RNA synthesis 
Stimulation of amino acid uptake 
Na*,K*-ATPase stimulation 
Na*/H* antiport activation 
Sodium retention 


Limitation of substrate supply 
Inhibition of glycogenolysis 
Inhibition of gluconeogenesis 
Stimulation of glycogen synthase 
Stimulation of phosphofructokinase 


Stimulation of pyruvate dehydrogenase 
Stimulation of pyruvate dehydrogenase 


Activation of glucose transporter (GLUTA) 
Stimulation of glycogen synthase 
Stimulation of phosphofructokinase 


Inhibition of hormone-sensitive lipase 

? Increased supply of glycerol 3-phosphate 
Stimulation of lipoprotein lipase 

Several (? as for muscle/liver) 


Uncertain 
Uncertain 
Uncertain 


Uncertain 

Various 

Uncertain 

? Increase in intracellular energy availability 
Uncertain 

Probably several mechanisms 
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Transporter Tissues Kinetics Transport type 
Facilitative glucose transporters Low Km values for an enzyme correspond to high affinity for substrate 
GLUT1 Ubiquitous: e.g. erythrocyte, Low K, (1-2mmol/L) Facilitated diffusion 
placenta, colon, kidneys High values of Km correspond to low enzyme affinity for substrate 
GLUT2 Liver, small intestine, kidneys, High K, {~25 mmol/L}, highV, Facilitated diffusion; 
p-Cells bidirectional 
GLUT3 Ubiquitous: e.g, brain, placenta, LowK, (1-2mmol/L},lowV Facilitated diffusion 
kidneys (6-7 mmol/L) 
GLUT4 Skeletal muscle, adipocytes, heart — K, 2-10mmoliL Facilitated diffusion, insulin 
responsive 
GLUT5 Jejunum Facilitated diffusion of fructose 
Na'-glucose cotransporters (SGLTs) Move glucose against Active transport, symport using 
concentration gradient Na" gradient generated by 
K',Na'-ATP pump 
SGLT1 Intestine, renal tubules High affinity (K -0.4mmoliL), ^ Intestinal glucose/galactose 
low capacity absorption. Some renal 
glucose reabsorption 
SGLT2 Renal tubules Low affinity (K_~2.0mmol/L], ^ Most renal glucose reabsorption 
high capacity 
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Fatty acid 


: 4 
Liver Triglyceride 
Regulation of hepatic glycolysis. Under feeding conditions, increased glucose uptake in hepatocytes promotes glycolysis and 
lipogenesis to generate triglycerides as storage forms of fuel. This process is transcriptionally regulated by two major 


transcription factors in the liver, SREBP-1c and ChREBP-MIx heterodimer, which mediate the insulin and glucose response, 
respectively. 
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-- barrie 


i 
ATP, H,O, CO, 
Intracellular metabolic pathways for glucose. FFA, free fatty acids; G6PDH, glucose 6-phosphate dehydrogenase; 


GFAT, glutamine:fructose 6-phosphate amidotransferase; LDH, lactate dehydrogenase; PDH, pyruvate 
dehydrogenase. Broken lines indicate pathways from which intermediates have been omitted for clarity 
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Some genetically determined abnormal insulins 


Condition 


Familial hyperproinsulinaemia 


Insulin Chicago 


Abnormality 


Failure to cleaveC-peptide from 


proinsulin 


Leu for Phe substitution at 
position 25 of B chain 


Consequences 


True insulinconcentrations and 
glucose tolerance normal 


Reduced receptor binding 


Insulin Los Angeles 


Insulin Wakayama 


Ser for Phe substitution at 
position 24 of B chain 


Leu for Val substitution at 
position 3 of a chain 


Reduced receptor binding 


Reduced receptor binding 


Proinsulins Boston and Tokyo 


His for Arg substitution at 
position 65 


Inability to cleave proinsulin to 
insulin 


Proinsulin Providence 


Asp for His substitution at 
position 10 of B chain 


Inability to cleave proinsulin to 
insulin 


Proinsulin Kyoto 


Leu for Arg substitution at 
position 65 


Inability to cleave proinsulin to 
insulin 
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Glucokinase/GK 
Hexokinase/HK 


l Liver & pancreatic 
Site Extrahepatic P 
B cells 


Km Low (high affinity) High (low affinity) 
Low Km values for an enzyme correspond to high affinity for substrate 

G6P Allosteric inhibitor No effect 

Glucagon Inhibitor 


Insulin No effect Stimulator 


2023-08-11 


Hexokinase/glucokinase: 

Hexokinase is a ubiquitously expressed enzyme that sets the pace of glycolysis. Hexokinase has a high 
affinity for glucose and transfers a negatively charged phosphate group to a glucose molecule. This step 
traps the glucose inside the cells and funnels it into various metabolic pathways. The high concentration 
of glucose-6-phosphate signals that the cell no longer requires energy or other biosynthetic pathways, 
and inhibits enzyme hexokinase. 


Glucokinase is expressed in tissues(e.g. liver, pancreas) that play an important role in maintaining 
glucose concentration in blood. Glucokinase differs from hexokinase in two aspects: i) Glucokinase has a 
low affinity for glucose with Km above normal blood glucose concentration 

ii) Glucose-6-phosphate has no inhibitory effect on glucokinase. 

The low affinity and high catalytic activity of glucokinase are suited for its function in the liver. When the 
blood glucose is high, glucokinase rapidly binds and converts glucose to glucose-6-phosphate. In 
contrast, when blood glucose is limited, glucokinase has low activity and allows glucose to be distributed 
into tissues such as the brain and red blood cells. 
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IMPORTANCE OF GLYCOLYSIS 


Similar to most metabolic pathways, glucose synthesis and breakdown is regulated by three different 
mechanisms: 

a) Allosteric regulators 

b) Covalent modification 

c) Changes in gene expression 


Glycolysis has three main stages : 

1.The preparatory stage - In this stage, the glucose molecule, which contains six carbon atoms, is 
phosphorylated and trapped in the cell. The preparatory phase is an energy-requiring phase where two ATP 
molecules are utilized. 

2.The cleavage-stage - During this phase, the 6 - carbon molecule is cleaved into two phosphorylated 3 - carbon 
residues. 

3.The Pay off stage - This is the final stage of glycolysis where ATP and NADH are synthesized. For each glucose 
molecule, 4 ATP molecules, 2 NADH molecules and 2 Pyruvate molecules are produced; thus, it is the energy- 
producing phase of glycolysis. 
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La glycolyse commence par Catabolisme 


une 


S'il y a de l'oxygène 
présent, les cellules 
effectueront le processus 
de respiration aérobie. 
Ce processus envoie le 
pyruvate à travers le 
cycle de i 
alimente la 


. Au cours de 


cette phase, 2 molécules 
d'ATP sont utilisées pour 


décomposer le glucose 
d'une molécule à 6 O, not present 
carbones en deux 
molecules a 3 carbones de = — 
glycéraldéhyde 3- armantatinr ` Krebs cycle 
phosphate. x bid no 


m =— 


O, present 


pour produire 
beaucoup et beaucoup 
d'ATP. 


56 


S'il n'y a pas d'oxygene, les cellules effectuent une fermentation. La fermentation ne produit pas d'ATP elle-méme, 
bien qu'elle recycle certaines des molécules porteuses d'électrons utilisées dans la glycolyse. Le processus de 
glycolyse ajoute des électrons et des atomes d'hydrogéne a ces molécules, et la fermentation utilise ces molécules 
pour créer des molécules comme l'éthanol ou l'acide lactique. Cela permet aux molécules porteuses d'électrons de 
retourner au processus de glycolyse, garantissant que la cellule peut encore produire une petite quantité d'ATP. 
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G-6-Pase 
Glu-6-P 
Fru-6-P 
Positive-Fru-2,6-B, Positive- Citrate 
AMP Negative- Fru-2,6-BP, 
Negative- ATP, Fru-1,6-BP AMP 
Citrate, H* | 
PEP 


Positive- Fru-1,6-BP 
Negative- ATP, 
Alanine Pyruvate 


Positive- Acetyl CoA 
Negative- ADP 
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*Phosphofructokinase: 

Phosphofructokinase is the second irreversible step of glycolysis which is regulated by various allosteric effector molecules. 
eWhen ATP concentration is high in cells, ATP binds to the allosteric site and inhibits the enzyme activity of PFK. In contrast, AMP 
reverses the inhibitory action of ATP. 

"Citrate and hydrogen ions also inhibit phosphofructokinase. Citrate is a metabolic intermediate formed in the TCA cycle. The 
abundance of citrate signals the abundance of the metabolic intermediates and energy equivalents in the cell. 

*The high hydrogen concentration in muscle tissues inhibits glycolysis by inhibiting phosphofructokinase. 

ln the liver, fructose-2,6-bisphosphate acts as an allosteric activator of PFK. Fructose-1,6-bisphosphate binds and activates PFK 
by decreasing the inhibitory effect of ATP. 

«When fructose-6-phosphate is high, phosphofructokinase-2 (an isoform of PFK) phosphorylates it to form fructose -2,6- 
bisphosphate. PFK-2 is a bifunctional enzyme that has both the kinase domain and the phosphatase domain. 

eWhen fructose-6-phosphate is low, the phosphatase domain of PFK-2 catalyzes the hydrolysis of fructose-2,6-bisphosphate to 
form fructose-6-phosphate. The kinase and phosphatase domain of PFK-2 is regulated by covalent modification. 

eIn response to glucagon, increased cAMP signals the activation of protein kinase A, phosphorylation of PFK2, and activation of 
the phosphatase domain. In contrast, insulin activates protein phosphatase that in turn dephosphorylates PFK-2 thereby 
activating the PFK domain. 


Pyruvate Kinase: 

The different isoforms of pyruvate kinase are expressed in different tissues and are regulated differently. The L-type isoform of 
pyruvate kinase that is expressed in the liver is regulated by covalent modification. The phosphorylated state is inactive and 
dephosphorylated enzyme is active. 

High blood glucose leads to activation of pyruvate kinase whereas low blood glucose inactivates pyruvate kinase. 
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Glucose 6-phosphate 
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P premens 
WUD | ERU 


Cytosol 
Glucose 


G6P Glucokinase regulatory protein 
Glucokinase (inactive) 


Nucleus 


Pyruvate 


Glucose 6-phosphatase (in 
y p, endoplasmic reticulum) 


In the liver, glucose is taken up through an 
insulin-independent process mediated 


by GLUT2 transporters. Following this, glucose 


must be phosphorylated to be trapped in the 
cell. The phosphorylation of glucose to glucose 
6-phosphate is catalyzed by glucokinase (figure 
4.2) in the liver. 


Regulatory step committed by hexo or glucokinase. 


The first regulatory step in glycolysis is the 


phosphorylation of glucose by hexo or glucokinase. 


The reverse reaction, which is part of 
gluconeogensis, is catalyzed by glucose 6- 
phosphatase. 
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Glucose 6-phosphate 


Phosphofructokinase-2 
Fructose bisphosphatase-2 
(Bifunctional enzyme) 


Nap ADP 
=; 


Fructose 2,6-bisphosphate 


Pi ATP 

, P; Fructose 1,6- 

Phosphofructok e-1 1 d 

p ies 4 bisphophatase 
F-2,6-BP + ADP 


Phosphoglucose 
isomerase 


Fructose 6-phosphate 


Fructose 1,6-bisphosphate 


Regulation of PFK1 by fructose 2,6-bisphosphate 
generated by PFK2. 
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4. AMPK: A METABOLIC MASTER SWITCH -AMP-activated protein kinase (AMPK) is an enzyme that plays a 
central role in energy metabolism. AMP is activated when the cell has a high AMP: ATP ratio. AMPK is 
involved in lipid and glucose metabolism. Once activated phosphorylates target proteins (enzymes and 
transcription factors). AMPK switches off anabolic pathways (e.g. protein and lipid synthesis) and 
switches on catabolic pathways (e.g. glycolysis and fatty acid oxidation). AMPK promotes glycolysis in 
cardiac and skeletal muscle during exercise. It increases the number of glucose transporters to the 
plasma membrane. In cardiac cells, AMPK stimulates glycolysis by activating PFK-2. 


Hexokinase 


PFK-1 
Pyruvate kinase 


Oletstalkacademy 


Allosteric Regulation of Glycolysis 
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Pyruvate kinase 
Pyruvate kinase is the third regulated enzyme of glycolysis. A high AMP concentration (an indicator of low energy production) activates 
ruvate kinase. In contrast, pyruvate kinase is inhibited by a high ATP concentration (an indicator that the cell's energy requirements 
are being met). Acetyl-CoA, inhibits pyruvate kinase. F-16-BP activates the Pyruvate kinase in the liver, the second example of 
feedforward stimulation. Alanine (a biosynthetic product of pyruvate) is an allosteric inhibitor of pyruvate kinase. Phosphorylation of 
pyruvate kinase is regulated by blood glucose level, just like PFK. High glucagon (low blood sugar) causes phosphorylation, which in 
this case renders the enzyme inactive. Pyruvate kinase deficiency causes hemolytic anemia since red blood cells depend entirely on 
glycolysis for ATP synthesis. Pyruvate kinase deficiency causes accumulation of 1,3-BPG and PEP. The concentration of pyruvate and 
lactate is lower than normal in this disorder .Acetyl CoA is an allosteric effector of both glycolysis and gluconeogenesis. Acetyl-CoA 
inhibits pyruvate kinase and reciprocally activates pyruvate carboxylase. Acetyl CoA also inactivates pyruvate dehydrogenase 
providing a regulatory link between glycolysis and the citric acid cycle. High concentrations of acetyl-CoA are indicative of high energy 
supplies. When the energy supply is high, metabolites are directed towards storage in the form of glycogen. 


Pyruvate kinase deficiency causes hemolytic anemia since red blood cells depend entirely on glycolysis for ATP synthesis. Pyruvate 
kinase deficiency causes accumulation of 1,3-BPG and PEP. The concentration of pyruvate and lactate is lower than normal in this 
disorder.Acetyl CoA is an allosteric effector of both glycolysis and gluconeogenesis. Acetyl-CoA inhibits pyruvate kinase and 
reciprocally activates pyruvate carboxylase. Acetyl CoA also inactivates pyruvate dehydrogenase providing a regulatory link between 
glycolysis and the citric acid cycle. High concentrations of acetyl-CoA are indicative of high energy supplies. When the energy supply 
is high, metabolites are directed towards storage in the form of glycogen. 


Phosphorylated 


Inactive pyruvate kinase 
(less active) 
Pyruvate kinase is H20 O Low blood glucose O ADP 
: و بلس پيې‎ 
regulated by various P, level paa 
allosteric effectors like 
AMP, ATP, and Acetyl - pagana 
pyruvate kinase 


COA. (more active) 
Phosphoenolpyruvate| + ADP + H* Pyruvate 
@ JA \@ @letstalkacademy 
Fructose ATP 
1,6-bisphosphate Alanine 
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Regulation of the pyruvate dehydrogenase complex (PDC aka PDH). 
(A) HIGH ENERGY CHARGE 


PDC 
inactive Pyruvate 
NG wo 
ADP 
n [Pon] 
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(B) LOW ENERGY CHARGE 


Pyruvate 
NAD* 
O 


a m" Kinase Phosphatase  Ca?* + 6 
NADH dib No O 0 
ATP P; 
NADH NADH 
Acetyl CoA Acetyl CoA 
active 
fan NÀ 7 N 
Pyruvate b E Acetyl-CoA (c ADP ATP T ADP 
Ca 
‫‪ e CAC= CITRIC ACID e 
NAD* * NADH Figure 17.18 CYCLE 


Biochemistry, Seventh Edition 
2012 W.H. Freeman and Company 
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NADH 
ATP 
acetyl-CoA 


pyruvate M Es, Ca?" 

D* 
ADP 

CoASH 


Ca?* 


pyruvate + CoASH + NAD* acetyl-CoA + NADH + H* + CO, 
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Summary of 
pathway 


regulation 
Table 4.1: 
Summary of 
pathway 
regulation. 


Metabolic pathway 


Glycolysis (pyruvate 
oxidation) 


Glycolysis (pyruvate 
oxidation) 


Glycolysis (pyruvate 
oxidation) 


Glycolysis (pyruvate 
oxidation) 


Pyruvate 
dehydrogenase 
complex 
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Major regulatory 


Allosteric effectors Hormonal effects 
enzyme(s) 
lucoki li P 
Glugpkinase diver] [Glucakhtase Regulatory 
Protein] 
Hexokinase Glucose 6-P (-) 
PFK-1 Fructose 2,6-BP, AMP Insulin/glucagon ratio 
(+) >1 > 
Citrate (-) dephosphorylation of 
PFK2 and increased 
production of F 2,6-BP 
Pyruvate kinase Fructose 1,6-BP (+) Insulin/glucagon ratio 
ATP, alanine (-) >1 > 
dephosphorylation 
PDC Pyruvate, NAD+ (+) Insulin/glucagon ratio 
[PDH] Acetyl-CoA, NADH, 51 
ATP (-) dephosphorylation 
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IMPORTANCE OF GLYCOLYSIS I. Energy production 


Reaction catalyzed by Aerobic state | Anaerobic state 
Hexokinase or Glucokinase -1 -1 
Phosphofructokinase-1 -1 -1 
Glyceraldehyde 3- 

+6 0 
phosphate dehydrogenase 
Phosphoglycerate kinase +2 +2 


Pyruvate kinase/PK 


+2 
Net energy gain 8 ATP 2 ATP 
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ENERGY YIELD FROM GLUCOSE OXIDATION 


Pathway ATP 


Glycolysis 2X pyruvate 8 


Oxidative decarboxylation 2 X Acetyl CoA 2x3=6 


of pyruvate 
TCA, ETC 
Net energy gain 38 
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2- Importance of Intermediates 

ePyruvate: active acetyl coA, oxaloacetate, and lactate. 
-DHAP >> glycerol 3-phosphate which is used in 
triacylglycerol and phospholipid synthesis. 


Pyruvate >> alanine-[a Non essential aa] 
3-Phosphoglycerate >> serine. [a Non essential aa] 


REGULATION 

Key enzymes:GKiciucokinase], PFKiphosphofructokinase-11, PK [pvruvare kinase] 
Stimulated by: insulin, AMP, F6P 

Inhibited by: glucagon, ATP, citrate 
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Hexose Monophosphate Pathway (HMP) 
Alternative route for glucose oxidation not for energy production. 
«Site: cytosol of liver, adipose tissue, ovaries, testes, RBCs & retina. 


eSteps: 


Oxidative irreversible phase: Glucose 6-phosphate undergoes dehydrogenation & decarboxylation to yield 


ribulose 5-phosphate. 


Nonoxidative reversible phase: 6 molecules of ribulose 5-P are converted to 5 molecules of glucose 6-P by two 


enzymes: transketolase & transaldolase 


*Other Names- it is also called Hexose monophosphate 
pathway (HMP shunt or HMS), phosphogluconate 
pathway 

*This is an alternative pathway to glycolysis and the TCA 
cycle for the Oxidation of glucose. 

*Location in cell- The enzymes of the HMP shunt are 
located in the cytosol. 

«In the pentose phosphate pathway, there occurs the 
production of five-carbon sugars, including ribose, 
produced from glucose. 

In the HMP pathway, 12 molecules of NADPH are 
produced. 


GIYCOZEN, 
starch, sucrose 


storage 


A+ 
Glucose | 
szidatlon via 
pentose phasphate 4 
pathway j 


-pidato via 
givealveis 


Ribose 5-phosphate Pyruvate 
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1. The Oxidative Reactions 

Glucose-6-phosphate is converted to 6-phosphogluconolactone, and NADP* is reduced to NADPH * H*. 
* Enzyme: glucose-6-phosphate dehydrogenase 

6-Phosphogluconolactone is hydrolyzed to 6-phosphogluconate. 
* Enzyme: Gluconolactonase 


6-Phosphogluconate undergoes an oxidation, followed by a decarboxylation. CO2 is released, and a 
second NADPH * H* is generated from NADP*. The remaining carbons form ribulose-5-phosphate. 


* Enzyme: 6-phosphogluconate dehydrogenase 
2. The Non-oxidative Reactions 
Ribulose-5-phosphate is isomerized to ribose-5-phosphate or epimerized to xylulose-5-phosphate. 


Ribose-5-phosphate and xylulose-5-phosphate undergo reactions, catalyzed by transketolase and 
transaldolase, that transfer carbon units, ultimately forming fructose 6-phosphate and glyceraldehyde- 


3-phosphate. 


* Transketolase, which requires thiamine pyrophosphate, transfers two-carbon units. 
* Transaldolase transfers three-carbon units. 


Overall reaction of the pentose phosphate pathway 

3 Glucose-6-P + 6 NADP*> 3 ribulose-5-P + 3 CO, + 6 NADPH 

3 Ribulose-5-P 2 xylulose-5-P + Ribose-5-P 

2 Xylulose-5-P + Ribose-5-P > 2 fructose-6-P + Glyceraldehyde-3-P 
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Result of Pentose Phosphate Pathway 

Oxidative portion: Irreversible.: Generates two NADPH, which can then be used in fatty acid synthesis and cholesterol 
synthesis and for maintaining reduced glutathione inside RBCs. 

Nonoxidative portion: Reversible.:Generates intermediate molecules (ribose-5-phosphate; glyceraldehyde-3-phosphate; 
fructose-6- phosphate) for nucleotide synthesis and glycolysis. 


Regulation of Pentose Phosphate Pathway: Key enzyme in the pentose-phosphate pathway is glucose-6-phosphate 
dehydrogenase. Levels of glucose-6-phosphate dehydrogenase are increased in the liver and adipose tissue when large 
amounts of carbohydrates are consumed. Glucose-6-phosphate dehydrogenase is stimulated by NADP+ and inhibited by 
NADPH and by palmitoyl-CoA (part of the fatty acid synthesis pathway). 


Purpose of Pentose Phosphate Pathway 


Pentose phosphate pathway functions as an alternative route for glucose oxidation that does not directly consume or produce 
ATP. 


The pentose phosphate pathway produces NADPH for fatty acid synthesis. Under these conditions, the fructose-6-phosphate 
and glyceraldehyde-3-phosphate generated in the pathway reenter glycolysis. 


NADPH is also used to reduce glutathione (y-glutamylcysteinylglycine).Glutathione helps to prevent oxidative damage to cells 
by reducing hydrogen peroxide (H,O,). Glutathione is also used to transport amino acids across the membranes of certain 
cells by the y-glutamyl cycle. 

Generation of ribose-5-phosphate 


When NADPH levels are low, the oxidative reactions of the pathway can be used to generate ribose-5-phosphate for 
nucleotide biosynthesis. 


When NADPH levels are high, the reversible nonoxidative portion of the pathway can be used to generate ribose-5-phosphate 
for nucleotide biosynthesis from fructose-6-phosphate and glyceraldehyde-3-phosphate. 
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GLUCOSE-6-P-DEHYOROGENASE 


ADP NADP NADPH 
Glucose o GE دز‎ Glucose 6-P a ېا‎ 6-Phosphogluconate 


HEXOKINASE 


Glyceraldehyde-3-P 


NADP 
: NADPH 

Xylulose S-P Ribose S-P 
(5-carbons) (5 carbons) 

ud 

< X TRANSKETOLASE 

o 

lyceraldehyde-3-P 

E Eiyceraldenyde-3-F} Sedoheptulose 7-P 

Z (7 carbons) 

Á TRANSALDOLASE 


"nz" 
(4 carbons) 
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Glucose-6-phosphate 
2 NADP* 


Oxidative Phase 


2 NADPH 


Ribulose-5-phosphate 


Non Oxidative Pha: 


Fructose-6-phosphate + Glyceraldehyde-3-phosphate 
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"NOS ONLINE 
1, سال‎ nt n egent UE 
TE 1 


6-P dehydrogenase 


Erythrose 4-P 
Xylulose 5-P 
Sedoheptulose 7-P 


Transketolase (TPP) 


Figure I-14-7. The Hexose Monophosphate Shunt 


81 


2023-08-11 


Hexose-Monophosphate Shunt 


le 
Glucose 6- INT 6-Phosphogluconate Ribulose 5-(P) ول‎ --p Nucleotide synthesis 


NADP NADP' 


NADPH Involvement Includes: Clinical Correlate: G6PD Deficiency 
Reductive biosynthesis X-linked recessive 


Reducing glutathione Impairs NADPH production, ? susceptibility to free radical and peroxide damage 
Oxygen-dependent mechanism after leukocyte phagocytosis of microbes Most severe in RBCs 
Nitric oxide synthesis Heinz bodies 

Precipitating factors: infection, favinism, certain medications (SMX, primaquine) 


Lineage © 


Moises Dominguez 
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Hydrogen Peroxide Reduction via Reduced Glutathione 


Glucose 6-P 6-Phosphogluconate 


Glucose 


+ 
NADP 
NADP' 


Glutathione 
Reductase 


(Reduced) 


(Oxidized) 


GSSG 


Glutathione 
Peroxidase 


GSSG 


2H,0 


Lineage © 


Moises Dominguez 
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Le Hexose Monophosphate Pathway (HMP)ou HMS génère du NADPH pour la biosynthese réductrice 
des lipides et du ribose pour la biosynthèse des nucléotides et des acides nucléiques. Le shunt HMP est 
la principale source de NADPH érythrocytaire, avec 2 moles de NADPH produites pour chaque mole de 
glucose métabolisé. Le NADPH est nécessaire pour la réduction du glutathion oxydé et de certains 
groupes sulfhydryle de protéines. 


Le shunt de l'hexose monophosphate (HMP) est également appelé voie des pentoses phosphates. Il se 
produit dans le cytoplasme et est une source majeure de NADPH et de sucres à 5 carbones. Le HMP 


consiste en deux réactions oxydatives irréversibles et une série de conversions sucre-phosphate 
réversibles. Aucun ATP n'est consommé ou produit directement. 
Le carbone 1 est libéré du glucose-6-phosphate (G6P) sous forme de CO2 et 2 NADPH sont produits 


pour chaque G6P entrant dans la voie. Le HMP produit également du ribose-phosphate pour la 
Synthèse des nucléotides. 


Le HMS aa la fois des phases oxydantes non réversibles et des phases non oxydantes réversibles. 


Le tissu musculaire est déficient en glucose 6-phosphate déshydrogénase, l'enzyme limitant la vitesse 
dans la phase oxydative du HMS. Les tissus hépatiques, adipeux et endocriniensmammaire en 
lactation et les érythrocytes matures possédent un HMS actif. 
La carence en thiamine affecte la partie non oxydante du HMS. 


Le sédoheptulose 7-phosphate et l'érythrose 4-phosphate sont des intermédiaires dans le HMS. 


Afin d'oxyder complètement le glucose dans le HMS, le Gl-3-P doit être converti en Glc-6-P, ce qui 
implique des enzymes de la voie glycolytique travaillant dans le sens inverse. 
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B Ribose-5-phosphate and 
= xylulose-5-phosphate 
a undergo reactions, 
T : o catalyzed by transketolase 
rt = g and transaldolase, that 
8 - 8 transfer carbon units, 
= = $ = = ultimately forming 
fructose 6-phosphate and 
A glyceraldehyde-3- 
a ex 
> = - phosphate. 
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Fatty acids, sterols etc synthesis D-Glucose-6-P 


(i)- Oxidative HMP 


Glutathione Reductase 


2GSH 


— 


Nucleotides, Coenzymes, Urea cycle 


DNA, RNA Synthesis 


D-Arabitol 


RESTES Ribulose-5-phosphat Ribulose-5-Phosphate 
ES epimerase isomerase 
SE 
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Transketolase 


D-Glyceraldehyde-3-P 
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٠-99 


a 
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D-Mannoheptulose 
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(iv)- Glycolysis & 
Citric acid Cycle 
(ATP, NADH, FADH, 
GTP Production) 
Amino acid & 
anabolic Precursors 
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* Les érythrocytes matures synthétisent de grandes quantités de glutathion réduit (GSH). 
Le GSH protège les érythrocytes des oxydants, y compris le peroxyde d'hydrogène 
(H202), les anions superoxyde (O2-) et les radicaux hydroxyle (OH), qui sont produits 
comme sous-produits de l'oxydation de l'hème par l'oxygène. 


* Les oxydants sont également produits par les phagocytes activés (par exemple, lors 
d'une infection) et par les érythrocytes après exposition à certains agents. 


e Lorsque les oxydants s'accumulent, ils endommagent les protéines et les lipides 
cellulaires. La détoxification de H202 est significativement améliorée par la glutathion 
peroxydase. Le GSH est converti en glutathion oxydé (GSSG) et en disulfures mixtes avec 
des thiols protéiques. 


e Les niveaux de GSH sont restaurés par la glutathion réductase. Dans ce processus, le 
NADPH est oxydé en nicotinamide adénine dinucléotide phosphate (NADP), qui stimule 
le shunt HMP pour régénérer le NADPH. 


e Après un stress oxydant, une hypoxie ou une acidose, les érythrocytes peuvent 
augmenter la quantité de glucose métabolisée par le shunt HMP jusqu'à 10 à 20 fois 
pour générer des quantités accrues de glutathion réduit. Le couplage étroit du 
métabolisme du glutathion avec le shunt HMP protège l'érythrocyte mature du stress 
oxydatif. 
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Défauts métaboliques des érythrocytes 


Déficit en glucose-6-phosphate déshydrogénase: Le déficit en glucose-6-phosphate 
déshydrogénase (G6PD) est le trouble enzymatique le plus répandu au monde. |l 
survient chez environ 400 millions de personnes dans la population mondiale. En tant 
que trouble lié à I'X, il affecte principalement les hommes. 


Les fréquences les plus élevées se produisent dans les pays méditerranéens, en Afrique 
et en Chine. La distribution mondiale du déficit en G6PD est parallèle à celle du 
paludisme, ce qui suggère un état génétique de polymorphisme équilibré associé à une 
résistance au paludisme à falciparum. Il a été observé que les femmes hétérozygotes 
pour le déficit en G6PD, qui ont à la fois des globules rouges normaux et déficients en 
G6PD, ont un nombre de parasites inférieur dans les globules rouges déficients en G6PD 
et sont relativement résistantes au paludisme. Cet avantage sélectif a été observé pour 
d'autres maladies telles que la drépanocytose et la B-thalassémie.L'activité G6PD est 
essentielle au fonctionnement normal du shunt d'hexose monophosphate (HMP). 


Cette voie génère du nicotinamide adénine dinucléotide phosphate réduit (NADPH), un 
cofacteur du métabolisme du glutathion dans les globules rouges humains. Le shunt 


HMP est étroitement couplé au métabolisme du glutathion, qui sert à protéger Léger les 
globules rouges des lésions oxydantes. En conséquence, une carence marquée en 


G6PD laisse les globules rouges vulnérables aux dommages oxydants. 


90 


2023-08-11 


IMPORTANCE OF HMP PATHWAY 
I- It provides ribose 5-phosphate 
required for synthesis of nucleotides 
and nucleic acids. 

Il- Main source of NADPH, required 
for: 


A) Reductases 


1-Glutathione reductase 
2. Folate, retinal reducatase 
3. Reducatases of FA, steroid 
synthesis. 
B) Hydroxylases 
e.g. Steroids hydroxylase 
C) NADPH Oxidase: phagocytosis 
(respiratory burst). 


91 


2023-08-11 


Cystine 
Fatty acid Glutamate | 
Cysteine 


Ribulose-5P LAS Glucose-6P 
PA | B-oxidation 
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Pyruvate —+ Acetyl-CoA ==> Citrate 


| Ketone bodies Oxaloacetate 


“Mitochondria membrane potential 
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Glucose Metabolism In Various Tissues” 


Glycolysis TCA Cycle elcome: TS 30000 Pentose Pathway 
genesis sis lysis 

Liver es es es es es pem 

y y y y y very active 
Brain yes yes no no no yes 
Muscle 
and yes yes no yes yes yes 
Heart 
Red O. 
Blood yes no no no no y 

very active 

Cells 
Adipose yes limited no limited limited limited 
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Liver 

stores glucose as glycogen and recovers it for release to blood as needed; synthesizes glucose from 3-carbon precursors and 
releases it to blood as needed; uses glucose breakdown products for sytheses of other biological molecules, e.g., fats, steroids, 
amino acids, heme 

Brain 

highly dependent on glucose which it neither stores nor synthesizes; can use ketones as fuel for up to 80% of its energy 
requirements during fasting/starvation, but must use glucose for at least 20% of its energy requirements 

Muscle and Heart 

stores glucose as glycogen and recovers glucose from glycogen for use on site, ii.e., does not release glucose into blood; during 
vigorous muscle activity glucose utilization is essentially anaerobic because the TCA cycle can't keep pace with the high rate of 
glycolysis and lactate is produced to regenerate NAD* 

Red Blood Cells 

no micochondria, therefore anaerobic use of glucose; does not store glucose; the pentose phosphate shunt is particularluy 
important to generate reducing power which keeps proteins in the reduced state and heme iron in the ferrous state in this highly 
oxidizing environment; converts 1,3-bisPhosphate to 2,3-bisPhosphate for use by hemoglobin 


Adipose 
glycolysis is required to produce glycerol 3-phosphate for triacylglycerol synthesis from fatty acits 


* These pathways are regulated to meet the physiological demands of both the tissue and the entire body. For example, in 
the well fed state the liver is glycolytic (breaks down glucose), glycogenic (synthesizes glycogen), and has an active TCA cycle; 
in the fasting state it is gluconeogenic (synthesizes glucose), glycogenolytic (breaks down glycogen) and has a relatively 
inactive TCA cycle. 
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GLUCONEOGENESIS 


It is the synthesis of glucose from non- carbohydrate sources. 

eSite: Liver, kidney. 

Steps: reversal of glycolysis, the irreversible reactions are reversed bv 4 
enzymes: 


GluconeogenicKey 


Glycolytic Key Enzymes en 
Sources: e Glucokinase e Glucose 6-phosphatase 
1.Lactate. * Phosphofructokinase-1 * Fructose 1,6- 
2.Pyruvate. ° Pyruvate kinase bisphosphatase 
3.Glucogenic aa e Pyruvate carboxylase 
4.Glycerol e Phosphoenolpyruvate 
5.Odd chain FA RUE 
Importance: Regulation: 
1.Source of blood glucose during fasting & Insulin: | gluconeogenesis, 
starvation. " 
2.Removal of waste products e.g. lactate, T -glycolysis 
glycerol. 
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Glycogen Metabolism 


Gluc 
GLYCOGENESIS 


a | Hexokinase (in muscle) 
Definition: synthesis of glycogen from | 

Glucokinase (in liver) 
glucose. 
Site: cytosol of liver & muscles. 
Steps: 


Phosphoglucomutase 


Mechanism of Action of Glycogen Syatbase amd Branching Enzyme 


a 
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GLYCOGENOLYSIS 


Definition: breakdown of 
glycogen to glucose in liver or 
GéP in muscles ( due to absence 
of G6 phosphatase in muscles). 
Importance: 

In muscles: source of energy 
during exercise. 

In liver: source of blood glucose 
during 18 hours starvation. 
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Glycogen phosphorylase 
a(1-4) -a(1-4)-glucan transferase 
Amylo- a(1-56)-glucosidase 


| Phosphoglucomutase 
In muscle 


| Glucose 6-phosphatase 
In liver 


Steps 
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Regulation of hepatic glycogen metabolism. Under fasting conditions 


, glucagon a 

signaling cascades, leading to the activation of glycogen phosphorylase and glycogenolysis while inhibiting glycogenesis. 
Conversely, feeding enhances insulin-mediated signaling in the liver, leading to the activation of both PP1 and Akt, thus 
promoting glycogen synthesis in response to increased glucose uptake in the liver. See the main text for more specific regulatory 


pathways. cAMP, cyclic AMP. 
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Schematic overview over the main metabolic hubs comprising the central carbohydrate 
metabolism. Gycolysis, TCA cycle and oxidative phosphorylation are depicted in black 
(black arrows), while enzymes involved in those processes are depicted in dark blue. 
NAD* metabolism, including synthesis and consumption is depicted in green (green 
descriptions and arrows), while ADP/ATP conversions are depicted in light blue. 
Glucose-6-phosphate (Glucose-6-P), fructose-6-phosphate (Fructose-6-P), fructose-1,6- 
bisphosphate (Fructose-1,6-BP), glyceraldehyde-3-phosphate (Glyceraldehyde-3-P), 
oxaloactetate (OAA), isocitrate (Isoc), a-ketoglutarate (a-KG), succinate (Succ), fumarate 
(Fum), malate (Mal), hexokinase (HK), phosphoglucoisomerase (PGI, 
phosphofructokinase (PFK), aldolase (FBA), lactate dehydrogenase (LDH), pyruvate 
dehydrogenase (PDH), glutamate dehydrogenase (GDH), insulin receptor (IR), insulin 
receptor signaling (IRS). 
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Phosphoenolpyruvate Alanine Glycine Threonine 
N y Cysteine Serine Tryptophan 
Pyruvate 


The 


Glucose Acetyl CoA TE TE Acetoacetate - 
Leucine 
Lysine 
Phenylalanine 
Oxaloacetate Citrate Tyrosine 
Tryptophan 
Asparagine A 
Aspartate هم‎ PION 
٩ rginine Proline 
NES cone Histidine Glutamine 


Fumarate a-Ketoglutarate 


N Isoleucine Valine 


Tyrosine : i 
Succinate Succinyl CoA Methionine Threonine 


Phenylalanine Sa 


Connection of Amino Acids to Glucose Metabolism Pathways: The carbon skeletons of certain amino acids 
(indicated in boxes) are derived from proteins and can feed into pyruvate, acetyl CoA, and the citric acid cycle. 


106 


2023-08-11 


1. 0681206 + 6 02 — 6 002 + 6 H20 + 36 ATP (- excu) 
2. Glucose —» 2 Pyruvate + 2 NADH2 + 2 ATP +2 H20 

3. Pyruvate — P err 4 tehl + 002 

4. Pyravate + NADHZ 222022 ږ‎ Ethanol 


5. Pyruvate + 002 یي حا‎ Oxaloscetate مې‎ Krebs or gluooncogencsis 


6. Pyruvate + CoA +Tpp 128P, NADH2 + 002 + Acetyl-CoA—— X» مسا‎ 


7. Mitochondria: Pyruvate — > Ozaloacetate + NADH2 —— bise dying Jy Malate 


Cytoplesm: PEP به‎ Oralonoctate «4— on, NADPH2 + Malate 


Kinase " 
da 
8. Active PDH + ATP په‎ Inactive PDH + ADP 


9. Inactive phosphorylase (8 $) + 2 ATP «4 P455.» Active phosphorylase (8) + 2 ADP 


10. 2 GSH (reduced) + H202 ——» Gtatathione peroxidasa وس‎ GSSG (oxidized) + H20 
2 GSH (reduced) + NADP* 4—— Giutathione reductase سهه‎ GSSG (oxidized) + NADPH2 


11. 6 Q6P +6 H20 4 5 FGP + 2 COZ + Pi + 12 NADPH2 


12, In muscle — > Glucose „EEE. 2 ATP + 2 Pyruvate + 2 NADH2 Locus donsiogeness 2 Lactate Bloody, Liver 


Muscle پچ له‎ Glucose ee 6 ATP + 2 Pyruvate + 2 NADH2 Tazî” cas - 2 Lactate qh liver 
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All 8 reactions of the 


Link reaction 


Citrate 

synthase 
C4+C2=C6 
S1 


a-ketoglutarate 
Dehydrogenase 
(C4) S4 


CoA — SH 


gf?” 


CH2 
Pu 
HS— CoA 
a ېښ‎ Succinyl CoA 
1 du 
Fumarase | Fumarase S7 | ma ki ro apr | 
ATP www.biologyexams4u.com 


too- 


umarate و‎ 
a 1 ® FADH2 Succinyl-CoA synthetase (C4) 5 


Malate 


dehydrogenase 
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2 FAD 

2 ADP 
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| 
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Output 
4 CO, 
6 NADH 
2 FADH, 
2 ATP 
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to CO, and H,O. 


Flow diagram depicting the overall activity ofthe 

PDHc. During the oxidation of pyruvate to acetyl-CoA and 
CO», by the PDH activities of the PDH complex, the 
Acetyl-CoA| electrons flow from pyruvate to the lipoamide moiety of 
DLAT, then to the FAD cofactor of DLD and finally to 
reduction of NAD* to NADH. The acetyl group is linked to 
coenzyme À (CoASH) in a high energy thioester bond. The 
acetyl-CoA then enters the TCA cycle for complete oxidation 
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Glucose Glutamine 


Fatty acid synthase 


Malonyl-CoA 


ATP citrate lyase 


Acet) WS Oxaloacetate 


Sf 
مدا‎ 


Glucose 6-P 


NAD+ 
Pyruvate dehydrogenase 


NADH* e 
Acetyl-CoA -7 


IRG1/Cis-aconitate 
decarboxylase 


Malate dehydrogenase FT 


(Succinate) Succinyl-CoA synthetase 
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Citrate in inflammation. Cytosolic citrate is broken 
down into acetyl-CoA and oxaloacetate. Further 
processing of oxaloacetate can provide a source of 
NADPH which is required by NAPDH oxidase and 
iNOS for the production of ROS and NO, respectively. 
Acetyl-CoA is required for acetylation of proteins and 
can be converted to malonyl-CoA for lysine- 
malonylation. Citrate-derived lipid synthesis has 
been linked to membrane expansion necessary for 
DC activation and cytokine production. In 
macrophages, the production of PGE, has been 
linked to citrate metabolism. 
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NO 
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— * Malonylation 
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This diagram shows the cycle in terms of the vog a 
number of carbon atoms in the input, output 
and cycle intermediate molecules, together with Acetyl-CoA C6.+1 
their average oxidation states. The numbers Average Carbon Oxidation $: 
inscribed in blue show the changes in oxidation States Average 
state of the intermediates taking place around ^: 
the cycle. -1/2 
The diagram reveals a feature that is not easily  Oxaloacetate C4 +11, C6,+1 rer 
discernible in conventional depictions of Krebs 
Cycle — namely that th le intermedi KREBS 

y yt att e cyc ei termediates | +112 و وا‎ 415 — C1.+4 
undergo a progressive oxidation state reduction Curis NE 
of -1 from oxaloacetate (C4,+1%) to succinyl-CoA 
(C4,+%), followed by a progressive oxidation rue C4, +1 C5,+4/5 alpha-ketoglutarate 


state increase of +1 from succinyl-CoA back to +1/2 -3/10 
oxaloacetate. Since a lower carbon oxidation CA+Y V 
state reflects more energy residing in chemical "ud : S 

vu uccinyl-CoA 4 
bonds, these changes indicate that cycle Succinate 


intermediates store energy in the first half of the 
cycle and liberate it in the second half. 


C1,+4 


Carbon dioxide 
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he citric acid cycle is an amphibolic pathway, one that serves in both catabolic and anabolic 
processes. 


Besides its role in the oxidative catabolism of carbohydrates, fatty acids, and amino acids, the 
cycle provides precursors for many biosynthetic pathways, through reactions that served the 
same purpose in anaerobic ancestors. a-Ketoglutarate and oxaloacetate can, for example, 
serve as precursors of the amino acids aspartate and glutamate by simple transamination. 
Through aspartate and glutamate, the TE of oxaloacetate and aketoglutarate are then 
used to build other amino acids, as well as purine and pyrimidine nucleotides. Oxaloacetate 
is converted to glucose in gluconeogenesis. a is a central intermediate in the 


synthesis of the porphyrin ring of heme groups, which selve as oxygen carriers (in hemoglobin 
and myoglobin) and electroncarriers. 


The entry point for acetyl CoA in the Krebs cycle is oxaloacetate. Acetyl-CoA and oxaloacetate 
combine to form citrate, which then continues through the cycle. Oxaloacetate is a 
carbohydrate, and so without carbs the acetyl-CoA can not enter into the Krebs cycle.The 
purpose of the citric acid cycle is to produce energy pew directly via GTP, and indirectly via 
NADH and FADH2). As such, energy can be though of to be on the products side of the sum of 
the reactions of the Krebs cycle. From Le Chatelier's principle, we know that if we want to 
inhibit a forward reaction, we can increase the concentration of the products. This will inhibit 
the forward reaction, and push the equilibrium to the left. Thus, in a high energy state, the 
ratio of ATP:ADP, like that of NADH:NAD+ is high since both ATP and NADH are products of 
metabolism. The ود اخ لا‎ steps of the citric acid cycle are citrate synthase, isocitrate 
dehydrogenase, and alpha-ketoglutarate dehydrogenase. These steps are inhibited and 
stimulated by various products and reactants within the citric acid cycle. Succinate 
dehydrogenase is not regulated by products or reactants, and is therefore not rate limiting. 
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e Anaplerotic Reactions replenish Citric Acid Cycle intermediates: 


e As intermediates of the citric acid cycle are removed to serve as biosynthetic 
precursors, they are replenished by anaplerotic reactions. 


e The most important anaplerotic reaction in mammalian liver and kidney is the 
reversible carboxylation of pyruvate by CO2 to form oxaloacetate, catalyzed by 
pyruvate carboxylase [PC]. 


* When the citric acid cycle is deficient in oxaloacetate or any other intermediates, 
pyruvate is carboxylated to produce more oxaloacetate. The enzyrnatic addition of a 


e carboxyl group to pyruvate requires energy which is supplied by ATP. 


e PEP carboxykinase also replenish oxaloacetate by carboxylatingphosphoenolpyruvate 
in the heart and skeletal muscles. 


e PEP carboxylase also carboxylates phosphoenolpyruvate into oxaloacetate in higher 
e plants, yeast and bacteria. 


e The citric acid cycle intermediate malate is also replenished by the malic enzyme from 
pyruvate in both eukaryotes and prokaryotes. 
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The tricarboxylic Acid Cycle (TCA) is also called the citric acid cycle or Krebs cycle. 

This is a series of chemical reactions to release the stored energy by the oxidation process. 
Oxidation of acetyl coenzyme A comes from carbohydrates, fats, and proteins. 

It is used by organisms to generate energy. 

It can be either aerobic or anaerobic respiration. 


The three regulatory enzymes of the TCA cycle are citrate synthase, isocitrate dehydrogenase, and a-ketoglutarate 
dehydrogenase. 

1-Citrate synthase: Citrate synthase is the first enzyme that regulates the citric acid cycle. 

It acts as the pace-making enzyme and it is living in all living organisms. 

It is encoded by nuclear DNA except in the mitochondrial. 

2-Isocitrate dehydrogenase: It is called the digestive enzyme. 

It is used to catalyze the oxidative decarboxylation of isocitrate into the alpha-ketoglutarate. 

This encodes the mitochondrial protein and cytosolic protein. 

3- a-ketoglutarate dehydrogenase: It dehydrogenase is determining the metabolic flux through the citric acid cycle. 
It catalyzes the alpha-ketoglutarate to succinyl Coenzyme A and electrons are produced directly the NADH which is 
used in the respiratory chain. 

What are the 3 regulatory enzymes of the TCA cycle? 

The three regulatory enzymes of the TCA cycle are 

1. citrate synthase, 

2. isocitrate dehydrogenase, and 
3. a-ketoglutarate dehydrogenase. 


These enzymes are allosterically regulated and catalyze the 
irreversible steps of the TCA cycle, which are the main point of 
regulation. 
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* Regulation of citric acid cycle: 


* The flow of carbon atoms from pyruvate into and through the citric acid cycle is under 
tight regulation at two levels: 
1. the conversion of pyruvate to acetly Co-A and 
2. the entry of acetly Co-A into the cycle (the citrate synthase reaction). 


* The cycle is also regulated at the isocitrate dehydrogenase and a-ketoglutarate dehydrogenase 
reactions. 


* 1. Production of Acetyl CoA by the Pyruvate Dehydrogenase/PDH is Regulated by 
Allosteric and Covalent Mechanisms: 


* The pyruvate dehydrogenase complex (PDH) is strongly inhibited by ATP and by acetyl 
* CoA and NADH, the products of the reaction catalysed by the complex. The allosteric 
* inhibition of pyruvate oxidation is greatly enhanced when long chain fatty acids are 

* available. 

e AMP, CoA and NAD+, all of which accumulate when too little acetate flows 


* into the citric acid cycle, allosterically activate the PDH complex. 


* Phosphorylation of pyruvate dehydrogenase component (E1) by a specific kinase 
switches off the activity of the complex. Deactivation is reversed by the activity of a 
specific phosphatase. The kinase is allosterically activated by ATP. 
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e Conclusion: 
e Inputs: 2 Acetyl CoA, 6 NAD+, 2 FAD, and 2 ADP+Pi 
* Outputs: 4 CO2, 6 NADH, 6 H+, 2 FADH2, 2 ATP, and 2 CoA 


e The citric acid cycle (Krebs cycle, TCA cycle) is a nearly universal central catabolic 
pathway in which compounds derived from the breakdown of carbohydrates, fats, and 
proteins are oxidized to CO2, with most of the energy of oxidation temporarily held in 
the electron carriers FADH2and NADH. During aerobic metabolism, these electrons are 
transferred to 02 and the energy of electron flow is trapped as ATP. Under normal 
conditions, the rates of glycolysis and of the citric acid cycle are integrated so that only 
as much glucose is metabolized to pyruvate as is needed to supply the citric acid cycle 
with its fuel, the acetyl groups of acetyl-CoA, pyruvate, lactate, and acetyl-CoA are 
normally maintained at steady-state concentrations. The rate of glycolysis is matched 
to the rate of the citric acid cycle not only through its inhibition by high levels of ATP 
and NADH, which are common to both the glycolytic and respiratory stages of glucose 
oxidation, but also by the concentration of citrate. 
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pyruvate dehydrogenase complex is inactivated by phosphorylation of E1. When ATP declines, 
kinase activity decreases and phosphatase action removes the phosphoryl group from E1, 
activating the complex. 


The Citric Acid Cycle is Regualted at its Three exergonic steps: 


The flow of metabolites through the citric acid cycle is under stringent regulation. Three factors 
govern the rate of flux through the cycle: substrate availability, inhibition by accumulating 
products and allosteric feedback inhibition of the enzymes that catalyzes early steps in the 
cycle. The primary control points are the exergonic steps catalysed by the enzymes citrate 
synthase, isocitrate dehydrogenase and a-ketoglutarate dehydrogenase. 


1. Citrate synthase: Citrate synthase is allosterically inhibited by ATP, NADH, long chain fatty 
acyl CoA and succinly CoA. 


2. Isocitrate dehydrogenase: Isocitrate dehydrogenase is allosterically stimulated by ADP, 
which enhances the enzymes affinity for the substrates. It is also activated by Ca2+. In contrast, 
NADH and ATPinhibitsisocitrate dehydrogenase. 


3. a-ketoglutarate dehydrogenase: a-ketoglutarate dehydrogenase is inhibited by succinyl CoA 
and NADH, the products of the reaction that it catalyzes. In addition, aketoglutarate 
dehydrogenase is inhibited by high levels of ATP and Ca2+. 
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Pyruvate 
HISTORICAL NAME SCIENTIFIC NAME Acetyl-CoA 
3-carboxy-3- Malate نف‎ ad Citrate په‎ 
Citric acid hydroxypentanedioic y M Be" > 
acid Fumarate Oxaloacetate 
3-carboxy-2- 8 (cis-Aconitate) 
T ; M utamate 
Isocitric acid hydroxypentanedioic | 
ace Aspartate 
NAG MAA 2-oxopentanedioic 
ame acid Succinate a-Ketoglutarate 
Succinyl-CoA Na 4S t Isocitrate 
Succinic acid butanedioic acid Succinyl-CoA Glutamate 
Fumaric acid (E)-butenedioic acid a 
Malic acid YOURE A Glutamine B 
acid 
Oxaloacetic acid 2-oxobutanedioic acid 
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The Entner-Doudoroff pathway (ED Pathway) 


* Glucose degradation pathways are central for energy and carbon metabolism 
throughout all domains of life. They provide ATP, NAD(P)H, and biosynthetic precursors 
for amino acids, nucleotides, and fatty acids. 


e cyanobacteria and plants oxidize carbohydrates via BULONG [the Embden-Meyerhof- 
Parnas (EMP) pathway] and the oxidative pentose phosphate (OPP) pathway. 


* The most common glycolytic routes in prokaryotes are the EMP, ED, and OPP pathways . 
The ke enz me unique to the ED pathway is 2-keto-3-deoxygluconate-6-phosphate 
| aldolase (Eda), whereas phosphotructokinase (PFK 


bolic direction 
e cyanobacteria and plants possess a third, previously overlooked pathway of glucose 
breakdown: the Entner-Doudoroff (ED) pathway. Its key enzyme, 2-keto-3- 
d gl ohosphate (KDPG) aldolase, is "Widesbreac in cyanobacteria, moss, 
ern, algae, and plants and is even more common among cyanobacteria than 
o E (PFK), the key enzyme of the EMP pathway. 
e KDPG is a metabolite unique to the ED pathway, \ 


e Phylogenetic analyses revealed that photosynthetic eukaryotes acquired KDPG aldolase 
from the cyanobacterial ancestors of plastids via endosymbiotic gene transfer. 
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The Entner-Doudoroff pathway (ED Pathway) 


e From each molecule of glucose, the ED pathway produces two molecules of NADPH and 
one molecule of ATP for use in cellular biosynthetic reactions. 


e The Entner-Doudoroff (ED) pathway is present in a number of bacteria where it can be 
a major pathway of glucose catabolism under aerobic conditions. The Entner— 
Doudoroff pathway (ED Pathway) is a metabolic pathway that is most notable in Gram- 
negative bacteria, certain Gram-positive bacteria and archaea. Glucose is the substrate 
in the ED pathway and through a series of enzyme assisted chemical reactions it is 
catabolized into pyruvate. 


e In the ED pathway, glucose is converted to pyruvic acid in fewer steps than it is in the 
pathway of glycolysis. 


* In HMS, glucose is converted to five-carbon carbohydrates (pentose units). 
* The ED pathway involves: 


1 


2 
3. 
4 


an initial phosphorylation as in glycolysis but then is followed by 
an oxidative step of the compound to an acid (phosphogluconic acid). Subsequently, 
dehydration occurs, with the formation of keto-deoxy-phosphogluconic acid. 


The last reaction produces pyruvic acid and glyceraldehydes phosphate, which can be converted 
to pyruvic acid 
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KDPG as a metabolite is exclusively found in the ED pathway 


Glucose 
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NAD(P)H ED pathway | pm 
G6P —» 6PG | 
BEER NADPH Glucose-6-phosphate 
EMP pathway | sPGoH ما‎ ٣ pan 1 
F6P Ru5P | +NADP 
E do. KDPG a EE 
FBP | PP pathway | | kopca | -H0 
DHAP «— GAP 2-Koto-3-deoxy-6-phosphogluconate 
| | 
NAD* CO, Pyruvate + glyceraldehyde-3-phosphate 


' 
Ethanol PR. Hd PYR 
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glucose Gdh glucose-dehydrogenase glu conate 
par ATP Zwf NADP* NADPH gpk -— Gnd 
glucose-6P AA rema 6P-gluconate Secr dehydrogenase ribulose-5P 
G6P 6PG Ru5P Rpe 
( ) NADP” NADPH pdd ( ) NADP* NADPH Rpe Wa ( PAN 
Pgi 6PG-dehydratase M H,O xylulose-5P ribose-5P 
(Xu5P) (R5P) 
Tk 
fructose-6P 2-keto-3-deoxy-6-phosphogluconate £ 
(F6P) (KDPG) sedoheptulose-7P glyceraldehyde-3P 
Pfk 0 (S7P) Tal (GAP) 
ATP Eda 
وم مومع ر‎ ADP KDPG aldolas erythrose-4P fructose-6P 
fructokinase (F6P) 
pyruvate (E4P) Tkt 
xylulose-5P 
b 
fructose-1,6P = glyceraldehyde-3P (Xu5P) 


(F1,6BP) ; (GAP) 1 fructose-6P 
Miss. a” Gapdh NAY. (F6P) 
DHAP 


The most common glycolytic routes 1,3P-glycerate 


a i (1,3BPG) The EMP and OPP pathways are known to operate in cyanobacteria 
In) pr okaryı otes. EMF; o ft en sımp ly : Pgk arp 0ه‎ plants. We show that in addition, the ED pathway operates in 
referred to as &lyc olysis, is shown in 3P-glycerate cyanobacteria and plants. Eda, KDPG aldolase; Eda, 
red with key enzyme PEK: the OPP (3PG) phosphogluconate dehydratase; Eno, enolase; Fba, fructose 
pathwa y is S hown in blue with Fam | bisphosphate aldolase; Gdh, glucose dehydrogenase; Gk, 

2P-glycerate gluconate kinase; Gnd, 6-phosphogluconate dehydrogenase; Pfk, 6- 


enzym e Zwf; and t he ED pat h Way 1. 5 (2PG) phosphofructokinase; Pgi, phosphoglucose isomerase; Pgk, 
shown in green with key enzyme pho | Per e phosphoglycerate kinase; Rpe, ribulose-5-phosphate epimerase; 


KDPG aldolase (Eda). Reactions that (PEP) Rpi ribulose-5-phosphate isomerase; Tal, transaldolase; Tim, 
ADP triosephosphate isomerase; Tkt, transketolase; Zwf, glucose-6- 


are shared by all pathways are Pyk ES 
ATP hosphate dehydrogenase. 
shown in black. pyruvate و‎ dica 


126 


D-Glucose 


gik 


Glycolysis 


pgi 


D-Fructose a F6P 


fruA 
fruB 
1P——> FBP 
tpiA 
DHAP -4———— — — —» G3P. 
1 
1 
1 
gpmA | 


pykA 3 pykB 
Pyruvate 


zwf pgl 
G6P — ——* G-1,5-6P ——?> 6PG 


Oxidative PPP همو‎ 
tktA 


Non- 
oxidative 
PPP 
tal 


2023-08-11 


= Glycolysis 

=> ED Pathway 

=} OxPPP 

Non-OxPPP‏ وا 

= Fructose pathway 
Absence of gene 


edd 
—>KDPG 


Glucose oxidation 

pathways in Ralstonia 

solanacearum strains 
eda highlight the absence 


> 
rpiA S of key pathway genes. 

£ Central metabolic 

co E. 

٥ pathways consisting of 

a 

LLI 


glycolysis, the Entner- 
Doudoroff (ED), and 
the pentose 
phosphate (PP) 
pathways 


127 


2023-08-11 


128 


2023-08-11 


Entner-Doudoroff pathway 
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2-keto-3-deoxy-6-phosphogluconate (KDPG) is the key metabolite of the 
Entner-Doudoroff (ED) pathway - also known as the KDPG pathway - 
which is estimated to be utilized by 27% of the heterotrophic 
prokaryotic microorganisms for sugar and sugar acid (e.g., gluconate) 
degradation and has recently been found to play also a significant role in 


cyanobacteria, algae and even higher plants 


n n. 
با‎ = 
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What is the Difference Between Embden Meyerhof Pathway and Entner Doudoroff Pathway? 


Glycolysis or Embden Meyerhof Pathway is the first step of energy production in which glucose is converted to pyruvate. On 
the other hand, the Entner Doudoroff Pathway is an alternative pathway of glycolysis in which glucose is catabolized into 
pyruvate by a few bacterial types. 


Therefore, this is the key difference between Embden Meyerhof Pathway and Entner Doudoroff Pathway: 
Embden Meyerhof Pathway has a net yield of 2 ATP while the 
Entner Doudoroff Pathway has a net yield of 1 ATP. 


the Embden Meyerhof Pathway produces 2 NADH while Entner Doudoroff Pathway produces 1 NADH. 


Embden Meyerhof Pathway and Entner Doudoroff Pathway are two pathways which act as the initial step of energy 
production. Embden Meyerhof Pathway is the classic glycolysis while Entner Doudoroff Pathway is an alternative pathway of 
it. Both pathways produce pyruvate from glucose. But the enzymes involved are different in two pathways. The net ATP and 
NADH production is also different among the two pathways. Embden Meyerhof Pathway yields 2ATP and 2NADH while 
Entner Doudoroff Pathway yields 1ATP and 1NADH. In many living organisms, the Embden Meyerhof Pathway takes place 
while only in few prokaryotes, Entner Doudoroff Pathway can be seen. 
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